Arsenic trioxide (As 2 O 3 )-treatment is effective in acute promyelocytic leukemia (APL) patients with t(15;17). Clinically achievable concentrations of As 2 O 3 induce apoptosis in NB4, an APL cell line, in vitro. Here, to study the mechanism of As 2 O 3 -induced apoptosis, we established an As 2 O 3 -resistant subline, NB4/As. Growth of NB4/As was inhibited by 50% after 2 daytreatment (IC 50 ) at 1.6 M As 2 O 3 , whereas IC 50 of NB4 was 0.3 M. Degradation of PML-RAR␣ and change of the PML-subcellular localization were similarly induced by As 2 O 3 in NB4 and NB4/As, suggesting that their contribution to apoptosis is small. Treatment with 1 M As 2 O 3 induced the activation of caspase 3 as well as a loss of mitochondrial transmembrane potential (⌬⌿m) in NB4 but not in NB4/As. Caspase 8 and Bid were also activated by As 2 O 3 in NB4 but not in NB4/As. In NB4, an inhibitor of caspase 8 blocked not only the activation of caspase 3 but also the loss of ⌬⌿m. Neither cell line expressed CD95/Fas, and agonistic anti-Fas antibody (CH-11) failed to cause apoptosis. Neither antagonistic anti-CD95/Fas antibody nor anti-Fas ligand antibodies influenced the As 2 O 3 -induced apoptosis. NB4/As had a higher concentration of intracellular glutathione (GSH) than NB4 (96 vs 32 nmol/mg). Reduction of the GSH level by buthionine sulfoxide (BSO) completely restored the sensitivity to As 2 O 3 in NB4/As. Furthermore, caspase activation and the loss of ⌬⌿m were recovered by combination treatment with BSO. These findings suggest that the As 2 O 3 treatment activates caspase 8 in a CD95-independent but GSH concentration-dependent manner. In combination with BSO, As 2 O 3 might be applied to therapy of leukemia/cancers which are insensitive to the clinically achievable concentrations of As 2 O 3 . Leukemia (2000) 14, 1743-1750.
Introduction
Arsenic trioxide (As 2 O 3 ) has been used effectively against acute promyelocytic leukemia resistant to all-trans retinoic acid (ATRA). [1] [2] [3] In vitro experiments support the clinical efficacy of As 2 O 3 . That is, treatment with 1 M As 2 O 3 , a concentration which is clinically achievable, induces apoptosis in an APL cell line, NB4. [4] [5] [6] A lower concentration of As 2 O 3 causes morphological and immunophenotypic changes in NB4, although it does not induce terminal differentiation. 5, 7 Since As 2 O 3 has proven effective against APL with t(15;17) in vivo, t (15;17) , which fuses the PML gene on chromosome 15 to the retinoic acid receptor ␣ (RAR␣) gene on chromosome 17 and results in the expression of PML-RAR␣ chimeric protein, 8, 9 was first speculated to be associated with the sensitivity to As 2 O 3 . 4, 6, 10 Actually, PML-RAR␣ is down-regulated by As 2 O 3 more rapidly than by ATRA. [4] [5] [6] 11 PML is induced to bind with a ubiquitin-like small molecule, SUMO-1/sentrin, by As 2 O 3 . 12, 13 Although the biological significance of this modification remains unclear, it seems to result in an accumulation of PML in distinct nuclear regions and reduction in the stability of PML-RAR␣. Thus, As 2 O 3 was supposed to cause apoptosis by modifying both PML and PML-RAR␣, comparable to the case of ATRA which causes differentiation by acting on RAR␣ and PML-RAR␣. [14] [15] [16] Recently, it was reported that PML-RAR␣ was a direct target for As 2 O 3 -induced apoptosis in APL, because transfection of PML-RAR␣ cDNA into U937 cells increased the sensitivity to As 2 O 3 . 13 However, careful observation revealed that 1 M As 2 O 3 induces apoptosis not only in APL cell lines but in some leukemia/cancer cell lines without PML-RAR␣. [17] [18] [19] [20] The sensitivity of hematopoietic cells to As 2 O 3 was not decreased by knock-out of the PML gene in mice. 18 In an As 2 O 3 -resistant APL cell line, the extent of degradation of PML-RAR␣ was similar to that in the parental cell line. 21 Furthermore, the sensitivity to As 2 O 3 is reportedly influenced by the glutathione redox system. 22, 23 HL60 and su-DHL-4 cells, which were insensitive to As 2 O 3 alone and had a relatively high GSH level, underwent apoptosis on combination treatment with As 2 O 3 and the GSH-level decreasing agent, buthionine sulfoxide (BSO) or ascorbic acid. On the other hand, loss of mitochondrial transmembrane potential (⌬⌿m) after As 2 O 3 treatment is reported in leukemic cell lines including NB4, suggesting that the ⌬⌿m collapse is an important event in As 2 O 3 -induced apoptosis. 20, 24, 25 However, the ⌬⌿m collapse does not necessarily mean that As 2 O 3 acts directly on mitochondria. 26, 27 In some cases of apoptosis, loss of ⌬⌿m was secondary or was not required. 28, 29 In this study, to elucidate the mechanism of As 2 O 3 -induced apoptosis, we established an As 2 O 3 -resistant subline from the APL cell line, NB4. We addressed the following issues: (1) whether the sensitivity to As 2 O 3 is associated with the modification of PML and PML-RAR␣; (2) whether the intracellular concentration of GSH determines the sensitivity to As 2 O 3 ; (3) which pathway is involved in the As 2 O 3 -induced apoptosis.
Materials and methods

Cell culture and generation of NB4/As
The APL cell line, NB4, was obtained from Dr M Lanotte (Hô pital Saint-Louis, Paris, France). 30 As 2 O 3 was purchased from Sigma Chemical (St Louis, MO, USA), and was dissolved in phosphate-buffered saline (PBS) at a concentration of 1 mM and diluted to a working solution before use. Cell culture was performed in RPMI1640 medium supplemented with 10% fetal calf serum at 37°C in a humidified CO 2 incubator. To obtain As 2 O 3 -resistant NB4 cells, NB4 was cultured with 10 nM As 2 O 3 , and this concentration was gradually increased when the cells adapted to the culture. NB4 cells which grew Leukemia in medium containing 1 M As 2 O 3 were obtained after a 10 month culture. After two rounds of limiting dilution, an As 2 O 3 -resistant subline of NB4, designated NB4/As, was established. NB4/As was maintained in As 2 O 3 -free medium but exposed to 1 M As 2 O 3 for a week every month. Buthionine sulfoxide (BSO) and reduced glutathione (GSH) were purchased from Sigma. Caspase 8 inhibitor (Z-IETD-FMK) was obtained from Kamiya Biomedical (Seattle, WA, USA).
Antibodies
Rabbit anti-PML antibody was described previously. 31 Purchased antibodies included murine anti-human Fas monoclonal antibodies (MoAb), CH-11, UB2 and ZB4, and hamster anti-human Fas ligand MoAb, 4H9, from MBL (Nagoya, Japan); and murine anti-caspase 3 and anti-caspase 8 antibodies from Transduction Labs (Lexington, KY, USA). Anti-Bid antibody was kindly donated by Dr SJ Korsmeyer (DanaFarber Cancer Institute, MA, USA). 32 
Apoptosis assay
Cell morphology and cell viability was examined by MayGiemsa staining and trypan-blue dye exclusion, respectively. For detailed morphological examination, cells were stained with Hoechst 33342 (5 g/ml) at 37°C for 30 min, and apoptotic cells that showed nuclear shrinkage, blebs and apoptotic bodies, were identified using a fluoromicroscope. Mitochondrial transmembrane potential (⌬⌿m) was determined as described. 18 Briefly, As 2 O 3 -treated and -untreated cells were incubated with 10 g/ml rhodamine 123 (Rh123) at 37°C for 15 min in culture medium and then washed with PBS. Rh123 is taken up by mitochondria in proportion to the ⌬⌿m. To analyze cell viability, the propidium iodide (PI) exclusion method was used. Dead cells incorporate PI due to an increase in plasma membrane permeability. Rh123 and PI intensity were simultaneously determined by flow cytometry.
Immunostaining
Immunostaining was performed as previously described. 31 In brief, cells fixed with periodate-lysine-paraformaldehyde (0.01 M NaIO 4 , 0.075 M phosphate buffer, 2% paraformaldehyde, pH 6.2) on to histological slides were immunostained with rabbit anti-PML polyclonal antibodies followed by fluorescence-labeled goat anti-rabbit IgG (Cappel, West Chester, PA, USA).
Immunoblot analysis
Immunoblot analysis of PML-RAR␣ was performed as previously described. 33 For the detection of caspase and Bid, whole cell lysates were prepared from NB4 or NB4/As cells. The cells were washed with cold PBS, lysed in 2 × Laemmli's Sample Buffer, boiled for 5 min, and subjected to 10% SDSpolyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins were electroblotted on to Immobilon PVDF (Millipore, Bedford, MA, USA). The membranes were blocked in PBS with 5% non-fat dry milk, then incubated with the rabbit anti-PML antibody (2 g/ml) for 2 h at room temperature. Then they were washed with PBS containing 0.5% Tween 20, and incubated with peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad, Richmond, CA, USA) diluted 1:2000 for 2 h at room temperature. After a wash, immunocomplexes were visualized by chemiluminescence (ECL kit; Amersham Life Science, Buckinghamshire, UK).
Measurement of intracellular GSH concentration
Intracellular GSH content was measured using a Glutathione Assay Kit (Calbiochem, San Diego, CA, USA). 22 Briefly, 2 to 5 × 10 6 cells were homogenized in 5% metaphosphoric acid using a Teflon pestle, and cell debris and membrane were separated from cytosol by centrifugation at 4000 g. Supernatant was used for GSH measurement according to the manufacturer's instructions, while the pellet was dissolved in 1 mol/l NaOH and analyzed for protein by Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). The GSH content was expressed as nanomoles per milligram of protein.
Results
Generation of NB4/As
To analyze the mechanism of As 2 O 3 -induced apoptosis, we generated the As 2 O 3 -resistant NB4 cell line, NB4/As. NB4/As showed the same morphological features as NB4, and had a slightly longer doubling-time than NB4 (40 h vs 32 h). Growth of NB4 and NB4/As was inhibited by 50% after 2 day treatment at concentrations of 0.3 and 1.6 M, respectively. Morphologically, the treatment with 1 M As 2 O 3 for 2 days induced apoptosis in NB4 but not in NB4/As (Figure 1 ). In NB4/As, the treatment with 1 M As 2 O 3 for 5 days decreased the expression of CD13 and CD15, but did not induce morphological change. NB4/As was similarly differentiated either by 1 M ATRA (Figure 1 ) or by the combination of 1 M ATRA and 1 M As 2 O 3 . 34 In the immunostaining study using anti-PML antibody, NB4/As showed a diffuse micro-granular pattern similar to NB4 (Figure 1) . After 3 h treatment with As 2 O 3 , the staining pattern was changed to a few nuclear dots in both cell lines. In NB4/As, this pattern persisted during the treatment with As 2 O 3 . In NB4, perinuclear large dots appeared after 12 h treatment and the staining faded away during the process of apoptosis. Immunoblot analysis revealed down-regulation of PML-RAR␣ in both NB4 and NB4/As after As 2 O 3 treatment (Figure 2 ). When NB4/As was cultured again in As 2 O 3 -free medium after 12 h treatment with As 2 O 3 , PML-RAR␣ reappeared a further 12 h later (Figure 2) , and the PMLimmunostaining pattern was restored (data not shown). When treated with ATRA, PML localization was changed to a normal specked pattern in both NB4 and NB4/As (Figure 1 ). These findings suggest that the down-regulation of PML-RAR␣ was not directly associated with apoptosis induced by As 2 O 3 , and that ATRA-induced differentiation was not disrupted in NB4/As.
Caspase activation and loss of ⌬⌿m in the apoptosis by As 2 O 3
To study whether NB4/As was specifically resistant to As 2 O 3 , both cell lines were cultured with etoposide (ETP). Although the cell growth of NB4/As was a little less inhibited by 1 M Figure 1 Morphology and PML-subcellular localization. NB4 and NB4/As were treated with 1 M As 2 O 3 for 24 h or with 1 M ATRA for 4 days (MG staining) or 24 h (PML-immunostaining). As, As 2 O 3 ; ATRA, all-trans retinoic acid.
Figure 2
Down-regulation of PML-RAR␣. Nuclear lysates were analyzed by immunoblot analysis using anti-PML antibody. In both NB4 and NB4/As, PML-RAR␣ bands were observed at 110 kDa and down-regulated after ATRA treatment (upper). PML-RAR␣ bands were similarly down-regulated in NB4 and NB4/As after As 2 O 3 treatment (lower). In As 2 O 3 -free medium, PML-RAR␣ bands re-appeared.
ETP than that of NB4, both cell lines underwent apoptosis in culture with over 10 M ETP.
In immunoblot analysis, proteolytic activation of caspase 3 was first analyzed (Figure 3 ). After treatment with 60 M ETP for 6 h, pro-caspase 3 levels decreased, and cleaved caspase 3 appeared in NB4. In NB4/As, the activation of caspase 3
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Figure 3
Activation of caspase 3. Whole cell lysates were analyzed by immunoblot analysis using anti-caspase 3 antibody. Procaspase 3 (black arrows) and cleaved form (gray arrows) were observed at 32 and 20 kDa, respectively. occurred a little later than in NB4. Treatment with 1 M As 2 O 3 activated caspase 3 at 24 h in NB4 but not in NB4/As.
Next, we studied the relationship between mitochondrial function and cell death, because As 2 O 3 reportedly induces the loss of (⌬⌿m), an early event of As 2 O 3 -induced apoptosis. 20 The uptake of Rh123 and PI staining were simultaneously analyzed as indicators of ⌬⌿m and cell death. NB4 cells treated with As 2 O 3 directly moved from a Rh123 + PI − fraction to a Rh123 − PI + fraction (Figure 4) . The cell population in the Rh123 − PI − fraction did not increase during the As 2 O 3 treatment. In NB4/As, As 2 O 3 treatment did not induce the loss of ⌬⌿m (Figure 4 ). These findings suggest that the loss of ⌬⌿m is not necessarily the primary event in As 2 O 3 -induced apoptosis of NB4, and that the sensitivity to As 2 O 3 is determined upstream of mitochondria.
Mitochondria are involved in the apoptosis induced by many stimuli. One pathway well understood is from the signals of the death receptor CD95/Fas, which recruits FADD and activates pro-caspase 8 leading to cleavage of Bid. 26, 32 The activated Bid induces the loss of ⌬⌿m. Then, we investigated whether As 2 O 3 activated caspase 8 and Bid. In NB4, treatment with 1 M As 2 O 3 decreased the amount of pro-caspase 8 and induced intermediate forms of caspase 8 within 24 h ( Figure 5 ). In treatment with a higher concentration of As 2 O 3 , activated caspase 8 was detectable with a decrease of pro-caspase 8 (data not shown). Bid was also cleaved by treatment with 1 M As 2 O 3 . In NB4/As, the activation of caspase 8 and Bid was not observed ( Figure 5 ).
To confirm that caspase 8 was involved in apoptosis by
Figure 4
Flow cytometric analysis of cell viability and ⌬⌿m. Cell viability and ⌬⌿m were assessed by PI exclusion and Rh123 staining, respectively. NB4 or NB4/As was treated with 1 M As 2 O 3 for 24 h.
Figure 5
Activation of caspase 8 and Bid. Whole cell lysates were analyzed by immunoblot analysis. Procaspase 8 (black arrows) and intermediate forms (gray arrows) were observed at 54/56 and 44/42 kDa, respectively. Bid and its cleaved form were seen at 22 and 15 kDa, respectively. Gel loading equivalence was confirmed by reprobing with murine MoAb to actin.
As 2 O 3 , the effects of caspase 8 inhibitor on the loss of ⌬⌿m and on the activation of caspase 3 were examined. The addition of 50 M caspase 8-inhibitor (Z-IETD-FMK) reduced the loss of ⌬⌿m (Figure 6a ) and blocked the activation of caspase 3 (Figure 6b ). These findings suggest that through the activation of caspase 8, both cascades to caspase 3 and mitochondrial pathways are activated with As 2 O 3 treatment.
Fas/CD95-independent apoptosis
We further studied the involvement of CD95/Fas, which is upstream of the caspase 8 pathway, in As 2 O 3 -induced apoptosis. NB4 and NB4/As did not express CD95/Fas in FACS analysis using UB2 MoAb (Figure 7) and their viability Expression of CD95/Fas in NB4 and NB4/As. NB4 and NB4/As were stained with isotype-match antibody (control) or antiFas MoAb, UB2.
was not affected by the addition of agonistic anti-Fas MoAb (100 ng/ml CH-11) (data not shown). Furthermore, neither antagonistic anti-Fas MoAb, ZB4, nor antagonistic anti-Fas ligand MoAb, 4H9, inhibited the As 2 O 3 -induced apoptosis (data not shown).
GSH concentration and sensitivity to As 2 O 3
Previous studies suggested that the sensitivity to As 2 O 3 was affected by the intracellular level of GSH. 22 The GSH concentrations were 35.4 and 85.9 nmol/mg, in NB4 and NB4/As, respectively (Figure 8 ). On treatment with As 2 O 3 , the GSH levels further increased to 99.8 nmol/mg at 12 h and 119.3 nmol/mg on day 5 in NB4/As. Treatment of NB4/As with 100 M BSO, an inhibitor of ␥-glutamylcysteine synthase, reduced the GSH level to 22.8 nmol/mg at 12 h. Combination treatment with BSO completely restored the sensitivity of NB4/As to As 2 O 3 . Furthermore, activation of caspase 8 and caspase 3, and the loss of ⌬⌿m were also recovered by the co-treatment with BSO (Figure 9a and b) . These findings suggest that caspase 8 is activated by As 2 O 3 in a GSH-concentration dependent manner, and that its activation is closely associated with the subsequent cascade in apoptosis.
Discussion
In this study, we showed that: (1) the modification and/or down-regulation of PML and PML-RAR␣ are not associated with the sensitivity to As 2 O 3 ; (2) activation of caspase 8 is triggered by As 2 O 3 in a Fas-independent manner; (3) the intracellular GSH concentration is closely associated with As 2 O 3 sensitivity and affects the As 2 O 3 signaling to caspase 8.
Since PML-RAR␣ was similarly down-regulated by As 2 O 3 in NB4 and NB4/As, it is unlikely that As 2 O 3 -induced apoptosis is directly mediated by down-regulation. Furthermore, the modification of PML, which was observed as a change of staining pattern, was equivalent between NB4 and NB4/As. Gianni et al 21 reported a similar finding and suggested that down-regulation is a prerequisite but insufficient for apoptosis. In NB4/As, the apoptotic signal cascade by As 2 O 3 might be interrupted but is sufficient for proteolysis of PML-RAR␣. Alternatively, the proteolytic pathway may be different from the apoptotic one.
Figure 8
GSH concentration in NB4 and NB4/As. The cell lines were treated with control medium, 1 M As 2 O 3 , 100 M BSO, or 1 M As 2 O 3 plus 100 M BSO for 12 h.
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Figure 9
Effects of BSO-pretreatment on caspase 8 activation and decrease of ⌬⌿m in NB4/As. . Arsenite generally targets −SH enzymes because of a sulfhydryl affinity. Eventually, the biochemical effects of As 2 O 3 are supposed to be affected by redox. Dai et al 22 and Jing et al 35 described the importance of the GSH and hydrogen peroxidase pathways in the sensitivity to As 2 O 3 . In this study, we confirmed previous reports that the intracellular GSH levels are associated with the toxicity of As 2 O 3 . Vicinal (adjacent) sulfhydryl groups are thought to be molecular targets of arsenite. 36, 37 All known phosphotyrosine phosphatases have the −SH radical and are sensitive to thiol reagents, and As 2 O 3 reportedly up-regulates tyrosine phosphorylation. 38 For example, JNK is phosphorylated by As 2 O 3 stimulation because of the inhibition of Ser/Thr-phosphatase or activation of the MAP kinase pathway. 39, 40 Importantly, however, these experiments have been performed at concentrations of As 2 O 3 above 10 M. In contrast, PML is covalently modified with SUMO-1/Sentrin by a low concentration of As 2 O 3 (1 M), a process which is inhibited by the addition of calyculin A, an inhibitor of Ser/Thr-phosphatase 1 and 2A. 12, 13 The biological role of As 2 O 3 differs according to its concentration, exposure-time and cellular context, but phosphorylation status might be significantly affected by As 2 O 3 .
The molecular mechanisms involved during the course of apoptosis upon exposure to As 2 O 3 are still poorly understood, but are important if one is to clinically apply As 2 O 3 . Generally, induction of apoptosis occurs through multiple pathways, and which pathways are activated depends on the stimulus. So far, two principal signal pathways of apoptosis have been identified. One pathway involves activation of death receptors such as Fas and TNF receptor, resulting in the recruitment of the adapter molecule FADD. 41 FADD then recruits and cleaves pro-caspase 8 at the receptor complex. 42, 43 The other pathway, which is triggered by many stimuli, involves mitochondria. 26, 27, 44, 45 Cytochrome c is released into cytosol, an event which is controlled by BCL-2 family members, binds to Apaf1 and allows further binding to pro-caspase 9. 46 Thus, activated caspase 8 and caspase 9 transduce the signals to effector caspases including caspase 3, −6, and −7. Importantly, these two pathways are not independent but interact. 26, 27, 47 Activated caspase 8 cleaves Bid, whose activated form releases cytochrome c from mitochondria. 32, 48, 49 And then the cytochrome c released into cytosol activates procaspase 9. Adversely, pro-caspase 8 is activated by effector caspases. Recently, a third pathway involving endoplasmic reticulum and caspase 12 has reportedly been associated with apoptosis. 50 As 2 O 3 has been shown to directly activate the second pathway. 20 As 2 O 3 induces an early collapse of ⌬⌿m and the release of cytochrome c from mitochondria to the cytosol. 24 A cell-free system using isolated mitochondria revealed that As 2 O 3 had a direct effect on the mitochondrial permeability transition pore, although this experiment used high concentrations of As 2 O 3 . 24 It was also speculated that at low concentrations, As 2 O 3 targeted glutathion peroxidase and increased the oxidative stress, 35, 51, 52 because NB4 demonstrated weak activities of antioxidant enzymes among myeloid cell lines. It is plausible that oxidative stress increases the mitochondrial permeability and decreases ⌬⌿m.
In this study, we showed the CD95-independent activation of caspase 8 and Bid in As 2 O 3 -induced apoptosis. Furthermore, inhibitor of caspase 8 blocked the loss of ⌬⌿m as well as the activation of caspase 3. The caspase 8 pathway has been shown to mediate apoptotic signals evoked by many stimuli other than Fas ligand or TNF. [53] [54] [55] [56] For example, the activation of caspase 8 has been observed in apoptosis induced by anti-cancer drugs or radiation, although it remains controversial whether the apoptosis is Fas-dependent or -independent. [57] [58] [59] In contrast, Fas ligand does not necessarily induce apoptosis in CD95-expressing leukemia cells. 60 A complex molecular mechanism might control the caspase 8 activation. Here, we showed that a low concentration of intracellular GSH was necessary for As 2 O 3 sensitivity. Dai et al 22 reported that the combination of BSO and As 2 O 3 induces apoptosis in HL60, which is insensitive to 1 M As 2 O 3 . However, a low concentration of GSH is not enough for apoptosis by As 2 O 3 , because some leukemia cell lines had a low GSH concentration but were insensitive to As 2 O 3 (data not shown). Further study is needed to identify upstream molecules of caspase 8 associated with apoptosis by As 2 O 3 .
